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ABSTRACT 

This report describes the study of five Saturn C1 launch vehicle configurations for the 
Apollo super -orbital re-entry tests. The study included computation of trajectories 

and evaluation of performance of the five vehicle configurations, as w e l l  as an assess- 
ment of payload weight and velocity that can be achieved under re-entry conditions. 

The necessity for considerable reduction in the payload weight to achieve the velocity 

required was  disclosed by this study. 
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SUMMARY 

S-I + S-IvB 

s-I + s-Ivc 
S-I + S-IVg + Storable Service Module C 

S-I + S-IVB + S-V 

Trajectories and performance w e r e  computed for the following five launch vehicles 

considered for use in the NASA super-orbital re-entry tests of the Apollo command 

module. 

I ~~ r Vehicle Stages 

S-I + S-IVB + High-Energy Service Module 1 I 
The trajectories were calculated by using existing two-dimensional flight programs on 

an IBM 7090 computer, with vehicle parameters adjusted to intercept a re-entry point 
of 400,000 feet altitude and an angle of -5 .3  degrees, at a velocity that approached 
36,000 feet per second as closely as possible. The trajectories were not optimized 

because of time limitations and those of existing programs, but the results summa- 

rized in this report a r e  considered representative of the performance which can be 
achieved with each of the vehicles studied. 
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INTRODUCTION 

The Office of Manned Space Flight of the National Aeronautics and Space Administration 

Headquarters has been considering the requirements and implementation of the Apollo 

Super-orbital Velocity Re-entry Test Program. A s  a part of this program coordina- 
tion, the performance of the Saturn-C1 class of vehicles, potentially available in the 

time period of the proposed tests, is being considered to assess payload weight and the 

velocity that can be achieved under re-entry conditions. This report provides informa- 
tion pertinent to the study to supplement the work now in progress at the various NASA 
facilities. 
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CALCU 

COMPUTER PROGRAM 

'LATION PROCEDURE 

A spherical, non-rotating earth is assumed, with the flight path in a single plane pas- 

sing through the center of the earth, The missile is launched vertically, md after 

20 seconds a specified kick angle is applied. A gravity-turn (zero angle of attack) 

flight is then flown for the duration of first-stage powered flight. A t  second-stage 
ignition, a linear thrust attitude control program may be inserted or the gravity turn 

may be flown throughout the powered flight. Coast phases for specified time periods 
may be inserted only between burning stages (interrupted stage burning was not 

considered). 

The missile is considered a s  a point mass, and the four differential equations of 

motion (References 1 and 2) are solved, by using the Runge-Kutta method, to give a 
continuous record of altitude, earth range, velocity, and acceleration. Each stage 
burns at a prescribed fixed rate until the propellant in that stage is exhausted. Then 
the empty weight of that stage is separated and the following stage is fired, with the 

burnout conditions of the preceding stage serving a s  initial conditions. Atmosphere 
computations are based on the 1959 ARDC model atmosphere and a drag coefficient 

versus Mach number table submitted by the user. For this study the following tabu- 
lation was used: 

Mach Number 

0 

0.560 

1.000 

1.222 

2.000 

3.000 

4.000 

5.000 

6.000 

7.000 

Drag Coefficient 

1.000 

0.2900 

0.7100 

0.7300 

0.4700 

0.3000 

0.2100 

0.1700 

0.1300 

0.1100 

3 



Drag data were included only during the first-stage powered flight. 

A t  burnout of the final stage, apogee and impact data are computed by using Kepler' s 
equations and assuming a ballistic trajectory to impact. Also computed a re  the orbit 

parameters: semi-major axis, eccentricity, and period. One may also select inter- 

mediate tabulation of parameter values during free flight to apogee o r  impact. 

A typical set of the complete digital computer printout is included in Appendix A, to 
illustrate detailed trajectory information for Configuration No. 4. 
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GENERAL METHOD 

Since the first-stage flight was vertical for 20 seconds followed by a gravity turn, the 

only variable involved during first-stage flight was the kick angle ($) applied at the 

end of the vertical flight (t = 20 seconds). A t  first-stage burnout, a coast period 

could be inserted if desired. The upper stages were  then flown with a linear thrust 

attitude program which was specified by two variables: (1) The initial thrust vector 

angle (!Po), and (2) the rate of change of the thrust vector angle (k). For the three- 

stage launch vehicle configurations, a coast phase could also be inserted between the 

second- and third-stage powered phases. 

For each configuration, various combinations of the variables involved (ek, Qo, k) were 
considered, and several combinations were found which yield trajectories that satisfy 

the specified re-entry conditions of a path angle of -5.3 degrees at an altitude of 
400,000 feet. The trajectory that met these specified end-conditions and produced the 
highest velocity was  assumed to be the best trajectory for that particular launch vehi- 

cle configuration. For each configuration there a re  many combinations that would 

produce trajectories that would also satisfy the required end-conditions, but it was 

impractical to investigate all combinations with the existing computer program. 

If time had permitted, the more nearly optimum trajectories could be derived by using 

calculus of variations methods. However, such a program was not available at the 

time of this study. Further, it is assumed that the trajectories selected are  adequate 

to indicate the type of performance achievable with each launch vehicle configuration. 

5 



DE TAILED DESCRIPTION 

INTRODUCTION 

Table 1 defines the five launch vehicle configurations studied. Table 2 shows the per- 

formance parameters such as thrust, specific impulse, propellant weight, and empty 
weight for the various stages used in the five launch vehicle configurations. In all 

cases, the thrust-to-weight ratio at launch was 1.25. This in turn fixed the gross 

weight at lift-off at 1,210,000 pounds. 

Figure 1 is a curve of altitude versus range for the best trajectory obtained for each 
configuration. 

CONFIGURATION NO. 1 

This configuration is a two-stage vehicle consisting of the S-I first stage and the S-lVB 

second stage. The computer trajectories for this configuration were based on a pay- 

load of 10,523 pounds, and the assumption that the first stage was  fully loaded and 

propellant was  off-loaded from the second stage, in order not to exceed the maximum 

launch gross weight of 1,210,000 pounds. Figure 2 is a plot of the significant trajec- 

tory parameters for the best trajectory obtained for this configuration. Table 3 lists 
the stage weights, propellants consumed, and velocities calculated for this case. The 

ideal velocity was 35,786 feet per second, and the actual velocity was 30,100 feet 
per second. 

If the second stage is fully loaded and the first stage is off-loaded, the ideal velocity 

for this configuration would increase to 37,116 feet per second for a payload of 

10,000 pounds. Assuming that the velocity losses for this propellant loading would be 

the same as for the computed case, this would then indicate an actual velocity of 
31,430 feet per second. Figure 3 shows the estimated variation of actual velocity with 

payload for Configuration No. 1, for the cabe of the fully loaded second stage and off- 

loaded first stage. 
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Table 1 

Five Launch Vehicle Configurations and Re-entry Velocities 
for a 10,000-lb Payload 

Configuration Stages 
Approximate Velocity at 
Re-entry Point for 
10,000-lb Payload 

I S-I + S-WB 

s-I + s-WC 

S-I + S-WC + S/M (Storable) 
S-I + S-IVB + S-V 

S-I + S-WB + S/M (High Energy) 

31,430 

31 ,625  

30,080 

~ 33,700 

32 ,910  ~ 

Thrust (sea level) 

Thrust (vacuum) 

Specific Impulse 
(sea level) (sec) 

Specific Impulse 
(vacuum) (sec) 
Propellant Weight 
(fully loaded) (lbs) 
Empty Weight 

Total Effective 
Exhaust Area 

(1bs) 

(W 

(f?) 

7 

Table 2 

Performance Parameters of the Various Stages Used in the Five 
Launch Vehicle Configurations 



Table 3 

Summary of Performance Parameters for the Best 
Trajectory Obtained for Configuration No. 1 

Configuration No. 1 

First-Stage Kick Angle = 1 .0  degree 
Second-Stage Thrust Vector Program: 

'ko = 55 degrees 

k = 0.1548 degree/sec 

R/E Conditions 

h = 400,000 f t  

y = 9 5 . 8  degrees 
V = 30,100 ft/sec 

S-I Stage 

= 6637 ft/sec 

= -3883 ft/sec 

= - 294 ft/sec 

- - o ft/sec 

= 10 ,814  ft/sec 

AVactual 

AVgravity 

AVdrag 

Av ide a1 

S-IVB Stage 

= 23,431 ft/sec 

= -1 ,468  ft/sec 

- - o ft/sec 

- - -  73 ft/sec 

= 24,972 ft/sec 

AVactual 

AVgravity 

AVdrag 

A% 

AVideal 

Coast 

(Payload Wt. = 1 0 , 5 2 3  lbs) 

W = 850,955 lbs 

= 130 ,245  lbs we 
Avg. I = 273 sec 

P 

SP 

W = 192 ,444  lbs (off-loaded) 

w 
P 

e = 2 5 , 8 3 3  lbs 

422 sec - - 
ISP 

Velocity Increase = 32 ft/sec 

Total: Videal = 35 ,786  ft/sec Combined Velocity Loss = 5 , 6 8 6  ft/sec 

= 30,100 ft/sec 'actual 
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CONFIGURATION NO. 2 

This configuration is also a two-stage vehicle with the S-I first stage and the S-IVC 

second stage. A s  in the case of Configuration No. 1, the computer trajectories for 

this vehicle were based on off-loading the second stage and a payload weight of 

10,007 pounds. The best trajectory obtained for this configuration is shown in Fig- 
ure 4, and the important performance parameters are summarized in Table 4, With 

the second stage off-loaded, the ideal velocity is 33,174 feet per second and the actual 

velocity is 27,950 feet per second. 

For the fully loaded second stage, ideal velocity increases to 36,849 feet per second 
for a payload of 10,000 pounds. The corresponding actual velocity would then be 

31,625 feet per second assuming that velocity losses a re  unchanged. Figure 3 shows 

the variation of actual velocity with payload for the latter launch vehicle propellant 

loading. 

CONFIGURATION NO. 3 

This configuration is a three-stage vehicle consisting of the S-I first stage, the S-IVC 

second stage, and a service module utilizing storable propellants as the third stage. 

Al l  data for this vehicle were obtained for a payload of 10,589 pounds by assuming the 

upper stages to be fully loaded and the first stage off-loaded. The best trajectory 

obtained for this vehicle is illustrated in Figure 5 and Table 5. Figure 6 shows the 

variation of actual velocity with payload for this configuration. The curve is based on 

computer data for a payload of 10,589 pounds, The other points on the curve were 

calculated by hand with constant velocity loss. 

CONFIGURATION NO. 4 

Configuration No. 4 is a three-stage vehicle consisting of the S-I first stage, the S-NB 
second stage and the S-V third stage. The computer data for this vehicle were based 

on a payload of 9970 pounds and the assumption that the upper stages were fully loaded 
with the first stage off-loaded. The best trajectory obtained for this vehicle is de- 
scribed in Figure 7 and Table 6. Based omthis computer point a curve of the variation 

of actual velocity versus payload weight was generated (Figure 6). The computer 

printout for this configuration is included in Appendix A. 
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Table 4 

Summary of Performance Parameters for the Best 
Trajectory Obtained for Configuration No. 2 

Configuration No. 2 

First-Stage Kick Angle = 1.2 degrees 

Second-Stage Thrust Vector Program: 

'ko = 65 degrees 
$ = 0.2750 degree/sec 

R/E Conditions 

h = 400,000 f t  
y = 9 5 . 3  degrees 

V = 27,950 ft/sec 

S-I Stage 
= 6, 832 ft/sec AVactual 

AVgravity = -3 ,663  ft/sec 

AVcirag 
- -  - 316 ft/sec 

o ft/sec 

= 10,811 ft/sec 

- - 

AVideal 

S-NB Stage 

= 21,086 ft/sec 

-912 ft/sec 

0 ft/sec 

-365 ft/sec 

= 22,363 ft/sec 

A ac tual 

AVgravity 

AVdrag 

- - 

- - 

- - 

Avideal 

Coast 
Velocity Increase = 32 ft/sec 

Total: Videal = 33,174 ft/sec 

= 27,950 ft/sec 'actual 

Combined Velocity Loss = 5224 ft/sec 

(Payload Wt. = 1 0 , 0 0 7  lbs) 

W = 850,955 lbs 

= 130,245 lbs W 

Avg. I = 273 sec 

P 

e 

SP 

W = 184,665 lbs (off-loaded) 

we 

P 
= 34,128 lbs 

422 sec - - I 
SP 

14 - 
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Table 5 

Summary of Performance Parameters for the Best 
Trajectory Obtained for Configuration No. 3 

Configuration No. 3 --I 
First-Stage Kick Angle = 1 . 2  degrees 
Second- and Third-Stage Thrust Vector Program: 

= 30 degrees 
& = 0.1598 degree/sec 
*O 

R/E Conditions 

h = 400,000 f t  
(Payload Wt. = 1 0 , 5 8 9  lbs) 

y = 9 5 . 8  degrees 
V = 29,800 ft/sec 

S-I Stage 

= 3371 ft/sec AVa - - 0 ft/sec W = 653,486 lbs 
AVactual (off -loaded) 

= -3127 ft/sec AVideal = 6796 ft/sec We = 131 ,702  lbs *'gravity 

= - 298 ft/sec Avg. I = 270 sec 
AVdrag SP 

AVactual P 

AVideal AVgravity I 
AVdrag SP 

AVactual P 

AVgravity 

AVdrag SP 

S-IVC Stage 

= 16 ,503  ft/sec AVa = -1 ,073  ft/sec W = 329,745 lbs 

= 20,345 ft/sec We = 34,382 lbs = -2 ,769  ft/sec 

0 ft/sec I =  422 sec - - 

S/M (Storable) 

= 9 , 8 4 4  ft/sec AVa = -870 ft/sec W = 39 ,341  lbs 

= +131 ft/sec AVideal = 1 0 , 5 8 3  ft/sec We = 1 0 , 7 5 4  lbs 

0 ft/sec I =  315 sec - - 

Coast 
Velocity Increase = 82 ft/sec 

Total: AVideal = 3 7 , 7 2 4  ft/sec 

"actual = 29 ,800  ft/sec 

I Combined Velocity Loss = 7 , 9 2 4  ft/sec 

1 6  
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Table 6 

Summary of Performance Parameters for the Best 
Trajectory Obtained for Configuration No. 4 

Configuration No. 4 
~~ 

First-Stage Kick Angle = 1.0 degree 
Second- and Third-Stage Thrust Vector Program 

9 = 10 degrees 
0 

= 0.1690 degree/sec 

R/E Conditions (Payload Wt. = 9,970 lbs) 
h = 400,000 f t  
y = 95.2 degrees 

V = 33,720 ft/sec 
S-I Stage 

= 5146 ft/sec AVa = 0 ft/sec W = 776,830 lbs 
(off -loaded) AVactual 

= -3656 ft/sec AVideal = 9094 ft/sec We = 132,337 lbs AVgravity 
= - 292 ft/sec AVdrag Avg. Isp = 272 sec 

S-IVB Stage 

= 13,852 ft/sec AVa = -2,092 ft/sec W = 229,890 lbs 
AVactual P 

= 19,612 ft/sec We = 25,943 lbs AVideal = -3,668 ft/sec AVgravity 
- - 

AVdrag o ft/sec I =  422 sec 
SP 

S-V Stage 
= 14,658 ft/sec AV,! - -  - 689 ft/sec W = 30,030 lbs 

AVactual P 

AVgravity 

AVdrag SP 

- - + 489 ft/sec AVideal = 14,858 ft/sec We = 5,000 lbs 

- - 0 ft/sec I =  420 sec 

Coast 
Velocity Increase = 64 ft/sec 

Total: Videal = 43,564 ft/sec 

= 33,720 ft/sec Vactual 

Combined Velocity Loss = 9,844 ft/sec - 19 



CONFIGURATION NO. 5 

This configuration is a three-stage vehicle consisting of the S-I first stage, the S-IVB 

second stage, and a service module which uses high-energy propellants (hydrogen- 

oxygen) as the third stage. The computer data for this vehicle were  generated for a 

payload of 9972 pounds by assuming that the third stage w a s  fully loaded and both the 

first and second stages were off-loaded. The best trajectory obtained for this vehicle 

by using these assumptions is described in Figure 8 and Table 7 .  

By fully loading the two upper stages and off-loading only the first stage, the vehicle 

ideal velocity is increased from 39,690 feet per second (Table 7), as run on the com- 

puter, to a value of 40 ,960  feet per second. Using the velocity loss for the computer 

data, this would then yield an actual velocity of 32, 890 feet per second. The variation 

of actual velocity with payload was calculated by assuming that the two upper stages 
were fully loaded and that the first stage was  off-loaded as shown in Figures 3 and 6 .  
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Table 7 
Summary of Performance Parameters for the Best 

Trajectory Obtained for Configuration No. 5 , 

Configuration No. 5 

First-Stage Kick Angle = 1.0 degree 
Second- and Third-Stage Thrust Vector Program: 

Qo = 31.5 degrees 

& = 0.1820 degree/sec 

R/E Conditions (Payload Wt. = 9,972 lbs) 

h = 400,000 f t  
y = 95.0 degrees 

V = 31.620 ft/sec 
S-I Stage 

= 6,060 ft/sec AVa - - 0 ft/sec W = 824,270 lbs 
(off-loaded) AVactual 

= -3,804 ft/sec We = 136,930 lbs 

- - -  293 ft/sec Avg. IsD = 273 sec 

AVideal = 10,157 ft/sec AVgravity 

AVdrag: 

S-IVB Stage 
= 16,810 ft/sec AVa = -494 ft/sec W = 192,444 lbs 

(off-loaded) "actual 
= -2,855 ft/sec 

- - 0 ft/sec 

AVideal = 20,159 ft/sec We = '26,356 lbs 

422 sec 
AVgravity 

AVdrap: 
- - 

ISD 
S/M (High Energy) 

= 8,734 ft/sec AVa = -1,204 ft/sec W = 15,028 lbs 

= + 564 ft/sec AVideal = 9,374 ft/sec We = 5,000 lbs 

419 sec 

AVactual P 

AVgravity 

ISD AVdrag: 
- - o ft/sec - - 

Coast 

Velocity Increase = 15 ft/sec 

Total: Videal = 39,690 ft/sec 

= 31,620 ft/sec 'actual 

Combined Velocity Loss = 8,070 ft/sec 
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RESULTS 

For each of the five launch vehicle configurations studied, a representative trajectory 

w a s  obtained for one payload weight (Figures 1, 2, 4, 5, 7, and 8). 

The trajectory attihde program, prepellafits consumed, stage burnout weights, average 

stage specific impulse, and a breakdown of the various velocity losses incurred a re  

tabulated for each configuration in Tables 3 through 7. 

Table 8 presents in tabular form trajectory parameters a t  stage burnout conditions for 

each of the five launch vehicle configurations. Data a re  presented for the best trajec- 

tory obtained for each configuration and also for several other trajectories that also 

met the specified end-conditions. 

It was observed during this study that the trajectories are  quite sensitive to some of 

the attitude program variables. A s  an example, for a given first-stage kick angle (%) 
there is an allowable variation of about 10  to 20 degrees of the initial thrust vector 

angle ('ko) in order to intercept the specified end-conditions. It was also found that for 
a given first-stage kick angle (e$ and a given initial thrust vector angle ('k ) the rate 
of change of the thrust vector angle, o r  pitch rate,  (&) is extremely critical. This is 
illustrated in Table 9. For the case shown the pitch rate (&) must be accurate to 

within approximately +O. 004 degree per second. This could present a practical limita- 

tion because of the accuracy of the control system required. 

0 

For Configurations No. 1 and No. 2 the effect of coasting between stages was studied. 

Based on the somewhat limited results (Table 8) it is believed that no appreciable gain 

in velocity can be achieved by coasting between stages for Configurations No, 1 and 
No. 2. Coasting data obtained for  the other configurations was too limited to permit 

drawing any conclusions. 

Figures 3 and 6 show that even with drastic reductions in payload, Configurations No. 1, 
NO. 2 and No. 3 would not be able to supply the desired velocity of 36,000 feet per sec- 
ond. For Configuration No. 5 the payload would have to be reduced to about 6000 pounds 
before the desiredvelocity could be achieved. With Configuration No. 4 a reduction in 
payload to approximately 7000 pounds would be necessary. - 23 



G.T. -t 

s - 0.55 

Table 8 

1- 

t 
21.918 95.5 

27,510 95.8 t 
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Tabulation of the Stage Burnout and Re-entry Conditions for Some Typical 
Trajectories Obtained for Each of the Launch Vehicle 

Configurations Studied 
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ADDITIONAL CONSIDERATIONS 

Other factors that can have a significant influence on the results are the following: 
1. Propellant reserves. 

2. 

3. 

4. 

5. 

Interrupted burning with coast during second (or third) stage operation. 

Increased thrust/weight ratio of upper stage. 
Reduction of launch thrust/weight ratio below 1.25. 
Consolidation of certain fixed weights, such as batteries, from the upper 

stage into the C/M. 

Downrange position of re-entry, and impact points. 6. 

While none of these factors was  evaluated in the detailed calculations of this study, 

some thoughts have emerged which appear worthy of note. 

Propellant reserves were not considered specifically. Increase of reserves for these 

special tests would result in performance penalties, particularly in the upper stages, 

where there is a one-pound decrease in payload for every pound of residual propellant 

in the reserves. 

Value of coasting during, rather than between, stage operations may have possible 

beneficial results. A coast at the right time permits time for gravity to turn the flight 
path downward, with subsequent firings with thrust directed downward. 

Increased thrust/weight ratio of the upper stage may be beneficial, also, for essen- 
tially the same reason. The higher thrust minimizes burn time, facilitating a longer 
coast and downward acceleration during burning. 

Reduction of launch thrust/weight ratio would represent substantial performance gains. 
With a more completely filled first stage, velocity could possibly be increased as much 
as 1000 feet per second. However, disadvantages of the lower thrudweight  ratio are 
well known, and may preclude such a possibility. 
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Repositioning of weight, such as batteries, guidance, and controls, from the third 

stage to the C/M provides obvious advantages. For the same upper-stage burnout 

weight, the C/M weight is increased one pound for every pound transferred from the 

upper stage. 

While not considered during this study, it may become appropriate to consider the 

position of the down-range re-entry and impact points. Constraint because of the 

location of these points €or tracking and observation, may prove to be the controlling 

factor for trajectory selection. 

27 
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APPENDIX A 

SAMPLE DIGITAL PRINTOUT FOR LAUNCH 
VEHICLE CONFIGURATION NO. 4 

For reference purposes, a complete set of the digital data for launch vehicle Configu- 

ration No. 4 is included in this section. The data are annotated and are self- 
explanatory, except for the method of calculating thrust. The following equation is 
used by the computer: 

vac 

which can be rewritten as 

F = P A C  - € A t P a  
fvac 

to calculate thrust. Suitable values for the parameters Pc and C 

f i rs t  page of the computer printout, were assumed in order to facilitate the use of the 

existing computer program, 

, as shown on the 
fvac 
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